We have studied the syn-kinematic very low-grade metamorphism in a polyphase Variscan deformed region using X-ray diffraction techniques. Two phases of regional metamorphism are related to their respective episodes of penetrative deformation in the southern Central Iberian Zone. The data obtained suggest that the rocks did not reach metamorphic equilibrium, but strain favoured the progress of mineral reactions in the more deformed parts. The first deformation is Devonian in age and consists in a heterogeneous ductile shearing coeval with large-scale recumbent folding that were produced under high-anchizone to epizone metamorphic conditions. The heterogeneity of the shearing originated strain gradients that can be said to enhance the growth of new minerals and the illite polytype transformation in the highly strained overturned limb of the preserved pile of recumbent folds, but illite crystallinity remained constant throughout the structure. The second deformation is Mid-Carboniferous in age and consists in an upright folding that took place under late diagenesis to low-anchizone metamorphic conditions. The distribution of mineral parageneses and illite crystallinity across one of the upright folds suggests that strain gradients favoured the metamorphic reaction progress from the hinge (low strain) towards the limbs (high strain). Other characteristics of the region such as a metamorphic gap associated with an unconformity at the base of the Lower Carboniferous rocks, or cryptic contacts aureoles surrounding volcanic intercalations and a large granitic batholith, are also studied.
Integrated studies of metamorphic petrology and structural geology constitute a powerful tool for understanding the tectonic evolution of the inner zones of orogens. In this context, the relationships between the growth of metamorphic minerals and different deformation phases are important. In medium-and high-grade metamorphic terrains, these studies can be adequately accomplished with the aid of optical microscopy. In contrast, in low-and very low-grade metamorphic terrains, it is difficult to establish the relationships between the growth of metamorphic minerals and the deformation history. Despite the difficulties, attempts have nevertheless been made to study very low-grade metamorphic terrains, e.g. Kasig & Späth (1975) in the Venn anticline, Frey et al. (1980) in the Central Alps, Roberts & Merriman (1985) in the Pennant anticline, Bevins & Robinson (1988) and Roberts et al. (1989) in the Welsh Basin, Johnson & Oliver (1990) in the Lesser Himalaya, Merriman et al. (1990 Merriman et al. ( , 1995 in the Southern Uplands, Gutiérrez Alonso & Nieto (1996) in the northern Iberian Massif, Warr et al. (1996) in the Scandinavian Caledonides and Offler et al. (1998) in the Lachlan Fold Belt.
The increase in the grade of regional metamorphism with the intensity of deformation is a generally established fact. In geological areas deformed under low-and very low-grade metamorphism, the correlation between the intensity of deformation and the metamorphic grade has been examined by some authors. Roberts & Merriman (1985) , in a tight anticline, interpreted a causative relationship between strain and metamorphic grade (as apparent from illite crystallinity) from the association between the isocryst pattern and the fold geometry. Robinson et al. (1990) questioned this detailed isocryst pattern, although they still recognized a general trend showing higher illite crystalinity towards the core of the anticline. The work by Gutiérrez Alonso & Nieto (1996) has established a semiquantitative relationship between illite crystallinity and finite strain related to distance from an important thrust. Orozco et al. (1998) , in a tight kilometre-scale recumbent anticline, showed the existence of an increasing crystallinity trend from the limbs towards the inner core of the fold. Nonetheless, the mechanisms by which deformation can enhance the metamorphic grade are not fully understood. The study of the interaction between deformation and metamorphic crystallization processes has been approached in relation to cleavage development and mylonitization. Investigations of mineral growth during cleavage development have shown that deformation significantly influences metamorphic reactions (e.g. Etheridge & Hobbs 1974; White & Knipe 1978; Knipe 1981) and the crystal growth of fabric-forming phyllosilicates (Merriman et al. 1995) . In a dynamic metamorphic environment, the stored strain energy and the mechanical energy dissipated during deformation can provide the energy source driving these chemical or mineral reactions (Wintsch 1985) . In some cases, compositional changes in mylonitic zones result from significant fluid flow (Beach 1976 ) that may be channelized by shearing and mylonitization (Selverstone et al. 1991; Tobisch et al. 1991; Leloup & Kiénast 1993; Azor & Ballèvre 1997; Upton 1998) , thus favouring metamorphic reactions in highly strained zones. In this context, the principal forces driving a dynamic metamorphic system towards equilibrium can be linked to the kinetic effects of deformation, thereby giving rise to the hypothesis that a particular mineral assemblage records the state of reaction progress (Robinson & Merriman 1999) . Such a kinetic interpretation seems to offer a better explanation for certain aspects of mineralogical development at low temperature than the effects of temperature alone.
This work presents two examples of low-to very low-grade metamorphism associated with well-known geological structures resulting from different types and intensities of deformation. The study has been performed by combining classic structural geology techniques (detailed structural mapping, study of fabric characteristics, strain analysis) with methods for identifying low-and very low-grade metamorphic minerals. X-ray diffraction (XRD) analysis of minerals has enabled us to accurately characterize the metamorphism that affected the rocks in the southernmost Central Iberian Zone, part of the southern branch of the Variscan Belt in the Iberian Massif (Fig. 1) . The Central Iberian Zone contains large areas affected by only very low-grade metamorphism that are relatively well-known structurally (e.g. Díez Balda et al. 1990; Martínez Poyatos 1997) , though poorly understood in terms of their metamorphic evolution. The rocks examined here are affected by low-to very low-grade metamorphism and the most frequent parageneses are made up of white mica+ chlorite+quartz albite. These parageneses are stable under conditions ranging from diagenesis up to the incoming of biotite. XRD in pelitic rocks enables the identification of minerals not easily recognizable with optical microscopy (fine-grained muscovite, paragonite, pyrophyllite, kaolinite, mixed-layer phyllosilicates, etc.) and the measurement of crystallographic parameters (i.e. mineral crystallinity, b cell dimension), which provide good qualitative (and even semiquantitative) tools for very low-grade metamorphic research. In combination with structural studies, such investigations are considered to be an important approach for a more successful understanding of orogenic areas deformed under low-to very low-grade metamorphic conditions.
The aim of this work is twofold: (1) to characterize the metamorphism in a polyphase deformed area; and (2) to explain some specific metamorphic characteristics related to deformation features such as the existence of heterogeneous ductile shear coeval with folding, strain intensity, type and penetrativity of the tectonic fabric and the distribution of metamorphism across folds.
Geological setting
The Badajoz-Córdoba Shear Zone (Burg et al. 1981) , as redefined by Azor et al. (1994a) , separates the Ossa-Morena Zone from the Central Iberian Zone (Julivert et al. 1972) (Fig.  1) and it is one of the suture contacts which can be recognized in the Variscan Belt in the Iberian Massif. The Variscan tectonothermal evolution of this part of the Iberian Massif includes (Azor et al. 1994a; Simancas et al. 2001) : (1) An initial compressional stage, during the Mid-Late Devonian, due to a convergence and crustal-scale thrusting of the Central Iberian Zone over the Ossa-Morena Zone, producing large recumbent folds in the walls (Ossa-Morena Zone and Central Iberian Zone) and high-pressure metamorphism in the intervening Badajoz-Córdoba Shear Zone. (2) During the Early Carboniferous, the thickened lithosphere became unstable and a north-directed oblique-extensional collapse took place in the rear of the thickened zone. Both the thrusting at the front and the extension at the rear contributed to the exhumation of the high-pressure metamorphic rocks included in the BadajozCórdoba Shear Zone. During the extensional stage, subsidence in the hanging wall (the southern part of the Central Iberian Zone) allowed the accumulation of a thick syn-orogenic sedimentary sequence (Martínez Poyatos 1997) .
In the southern part of the Central Iberian Zone, the sequence of pre-orogenic rocks comprises, from bottom to top: schists and metagreywackes with interlayered amphibolites, gneisses and black quartzites (Late Precambrian); a volcanosedimentary unit made up of slates, greywackes, conglomerates, and plutonic-volcanic rocks (Vendian-Early Cambrian); detrital and carbonate formations (Early-Mid-Cambrian); and finally, quartzite and phyllosilicate-rich formations ranging in age from Early Ordovician to Mid-Devonian. In terms of the structure of the southern part of the Central Iberian Zone, two units can be distinguished (Fig. 1b) : an allochthonous one (located close to the Badajoz-Córdoba Shear Zone) and a parautochthonous one (located to the NE of the first one), separated by a NW-SE-striking thrust with top-to-the-NE sense of movement (Figs 2 & 3) , which was active during the Mid-Carboniferous (Martínez Poyatos et al. 1998a ).
The pre-orogenic rocks of the allochthonous unit are affected by two kilometre-scale recumbent folds verging to the NE that formed synchronously with the main schistose fabric (Fig. 2) . A detailed structural cartography and geological cross-sections of these recumbent folds have been described in recent works (Azor et al. 1994b; Martínez Poyatos et al. 1995a , 1998b . The folds strike NW-SE and have sub-horizontal axes, showing considerable hinge thickening. The major overturned limb indicates a SW-NE shortening of c.15 km (Fig. 2) . These recumbent folds are related to a planar-linear fabric associated with ductile shearing; the foliation is axial-planar to the recumbent folds, and the stretching lineation is parallel to the fold axes. XZ sections commonly contain asymmetric structures, indicating an important strain component of simple shearing with top-to-the-SE sense of movement. This ductile shearing is very prominent in the overturned limb of the recumbent folds, as indicated by a ductile thinning of the rock-sequence, strong development of the foliation and finite strain (see below). This main deformation phase was coeval with a regional metamorphism (M1 hereafter) that produced a mineral growth parallel to the foliation planes. M1 is of variable grade, although in the study area it does not exceed low-grade. López Munguira et al. (1991) consider it to be of low to medium pressure (c.4-5 kbar) using the b cell dimension data of white mica. Radiometric isotopic ages for M1 are not available, but field relationships enable the age of the recumbent folds and M1 to be constrained. Rocks as young as Mid-Devonian are affected by these folds, but Lower Carboniferous sediments unconformably overlie them. The recumbent folding and shearing resulted from the transpressional evolution of the Central Iberian Zone/Ossa-Morena Zone suture, being interpreted as conjugate structures developed in the hanging wall of the main SW-vergent thrust that superposed the Central Iberian Zone over the Ossa-Morena Zone during Mid-Late Devonian times. Drawing on metamorphic, structural and sedimentary records, Merriman & Frey (1999) have proposed a classification of geotectonic settings, to which any regional pattern of very low-grade metamorphism can be adscribed. In our case, all the data can be suitably explained and integrated within an Alpine collisional type geotectonic setting.
Unconformably overlying the pre-Carboniferous rocks of the allochthonous unit, Early Carboniferous syn-orogenic sediments appear. These sediments are made up to c.2 km of alternating slates and greywackes with intercalated conglomerates, limestones and volcanic rocks towards the base of the sequence. These Carboniferous sediments are only affected by upright folds striking NW-SE (Fig. 2) , with associated axialplanar slaty cleavage produced at very low-grade metamorphic conditions (M2 hereafter). In the underlying rocks (previously deformed by recumbent folding) there is a local crenulation cleavage associated with the upright folds.
In the parautochthonous unit of the Central Iberian Zone, Late Precambrian-Early Carboniferous rocks crop out, with the Lower Carboniferous rocks lying conformably over the Devonian ones (Fig. 3) . In this unit, the Lower Carboniferous rocks are similar to those of the allochthonous unit, but they have a thickness of up to c.7 km. As a whole, the Carboniferous subsidence and associated volcanism in the southern part of the Central Iberian Zone have been interpreted as being related to the simultaneous north-directed extensional collapse in the Badajoz-Córdoba Shear Zone (Martínez Poyatos 1997). The structure of the parautochthonous unit (Figs 2 & 3) consists of NW-SE-striking open to tight upright folds (and concomitant very low-grade metamorphism) that can be correlated with the upright folds affecting the allochthonous unit (Martínez Poyatos et al. 1995b) . Hence, very low-grade metamorphism associated with the upright folding in the parautochthonous unit will also be referred to as M2. Axial-planar to these upright folds, there is a rough slaty cleavage. Radiometric datings for M2 are not available, but its age can be said to be constrained (Late Westphalian) from field evidence: Mid-Westphalian sediments are affected by the upright folds, but the metamorphic aureole produced by the intrusion of Los Pedroches Batholith (c.300 Ma; Fig. 1b) postdates the foliation related to the upright folds in the country rocks. This upright folding was subsequent to the brittle thrusting of the allochthonous unit over the parautochthonous unit, and both structures can be related to a Mid-Carboniferous SW-NE compression in the SW Iberian Massif. The patterns of structures and associated very low-grade metamorphism produced during this Mid-Carboniferous compression are well integrated, as in the case of M1, in an Alpine collisional type geotectonic setting (Merriman & Frey 1999) . 
Microstructural description and strain analysis
During the recumbent folding and its ductile shearing in the allochthonous unit, a planar-linear fabric developed, which constitutes the main fabric in the pre-Carboniferous rocks. The foliation in the metapelites is defined by alternating quartz-rich and predominant phyllosilicate-rich domains. Phyllosilicates (mostly white mica and chlorite) are parallel to the foliation, as well as elongate quartz grains, which display larger grain size and more dynamic recrystallization in the quartz-rich domains than in the phyllosilicate-rich ones. The foliation in the quartzites is defined by elongate quartz grains and minor phyllosilicates. The lineation is both mineral and stretching (see strain analysis below).
When the fabric associated with the recumbent folds is studied in more detail, differences between the normal and overturned limbs can be detected. In the metapelites, the foliation is a slaty cleavage in the normal limbs, and a slaty cleavage to schistosity in the overturned limb. Thus, the metapelites of the overturned limb can be defined as true phyllites showing their characteristic lustre, while these features are observed to be lacking in the normal limbs. Furthermore, competent rocks furnish a more adequate lithology in order to explore any differences in tectonic fabric, since they are not as easily deformed as pelitic rocks. Quartzites from the overturned limb (Fig. 4c, d ) show a well-developed mylonitic foliation defined by highly elongate and partially recrystallized quartz ribbons embedded in a fine-grained and well-foliated quartz-micaceous matrix. Foliation in the quartzites from the lower normal limb (Fig. 4e, f) is much less penetrative and is defined by weakly deformed quartz grains and by foliationsubparallel phyllosilicates. Finally, a tectonic fabric in the quartzites from the upper normal limb (Fig. 4a, b ) is practically lacking, as shown by rounded quartz grains and disoriented phyllosilicates. The differences on the tectonic fabric development outlined above are related to the heterogeneity of the ductile shearing associated with the recumbent folding. Thus, the greater development of the fabric in the overturned limb strongly suggests that shearing was more intense in that limb, while the repercussion of this process in the normal limbs was lesser.
A finite strain analysis was performed in order to establish the existence of strain gradients across the different limbs of the recumbent folds (Azor et al. 1994b; Martínez Poyatos 1997 and unpublished data) . To avoid interference with the Carboniferous deformation (upright folding), measurements were made only in those outcrops where the crenulation phase is represented by open folds without cleavage development. The following markers were used: K-feldspar phenocrysts in orthogneisses, pyroclasts in volcanic rocks, pebbles in conglomerates, quartz grains in sandstones, Skolithos and mineralized nodules in slates. To measure the finite strain, we used the harmonic mean method (Lisle 1977) , the Rf/ method (Dunnet 1969) , and the Fry method (Fry 1979) . The calculated strain ellipsoids show the short axis (Z direction) perpendicular to the cleavage, the long axis (X direction) parallel to the stretching lineation, and the intermediate axis (Y direction) perpendicular to X and included in the cleavage planes. The strain ellipsoids (as defined by the K parameter of Flinn (1965) ; K=log(X/Y)/log(Y/Z)) plot in the plane deformation field (K=1) or in the constriction field (K>1), with values of K ranging from 0.8 to 6. Assuming no volume change during deformation, the calculated ellipsoids indicate finite stretching along the X direction of up to 120%. These K values and stretching along X are compatible with the existence of simple shearing parallel to the fold axes during the recumbent folding. The existence of strain gradients across the recumbent folds has been demonstrated. The X/Y ratios range from 1.5 to 2 in the upper normal limb and from 2 to 3.2 in the overturned limb. The X/Z ratios typically range from 1.1 to 1.5 in the upper normal, from 2.3 to 5 in the overturned limb, and from 1.1 to 2.2 in the lower normal limb. These differences in finite strain indicate an intensification of the deformation from both the upper and lower normal limbs towards the intervening overturned limb, which is in agreement with the greater cleavage development in the latter.
To sum up, variations in tectonic fabric and finite strain indicate that ductile shearing was more intense in the overturned limb than in the normal limbs during the recumbent folding.
With regard to the Carboniferous upright folding, there is a rough slaty cleavage without any stretching lineation. In the pre-Carboniferous rocks of the allochthonous unit (previously affected by the recumbent folds), the upright folding produced local, millimetric-spaced crenulation cleavage in the metapelites. In the rocks affected only by the upright folds (parautochthonous unit and Carboniferous rocks of the allochthonous unit), the foliation in the metapelites is a slaty cleavage defined by oriented phyllosilicates and thin veins filled in with micaceous minerals and Fe oxides. Development of this cleavage is highly variable, ranging from persistence of the bedding-parallel fabric (compaction), through pencils, up to complete obliteration of the bedding. In the quartzites, foliation of any type is usually lacking; in just a few cases can a centimetric-to decimetric spaced partition cleavage be observed. A finite strain analysis was performed on conglomerates from the parautochthonous unit (Martínez Poyatos 1997) using the afore-mentioned methods. The strain ellipsoid is oblate (K=0.1), showing the Z axis to be perpendicular to the cleavage. X/Y ] 1, and the X/Z ] 1.5. These data reveal a slight SW-NE flattening associated with the upright folding.
Materials and methods
Samples aimed of characterizing the M1 and M2 metamorphisms were taken from the allochthonous and parautochthonous units in the southern part of the Central Iberian Zone (Fig. 1b) . Two sectors (i.e. Hornachos and Espiel) were chosen due to well-exposed outcrops for obtaining pelitic samples. In the Hornachos sector (Fig. 2) , most of the samples belong to the allochthonous unit, while in the Espiel sector (Fig. 3 ) they belong to the parautochthonous unit.
Samples were collected from pelitic lithologies as compositionally homogeneous as possible. These were taken far from faults and joints in clean outcrops without any evident signs of meteoric alteration. After washing and cleaning of patinas, oxides and mineralizations in cracks and veins, they were crushed to a <2 mm fraction. Oriented aggregates were prepared with whole-rock and <2 µm fractions (the latter separated following the recommendations of the 'IGCP 294 IC working group'; Kisch 1991). The aim of separating a finegrained fraction is to minimize the content of detrital micas non-re-equilibrated during very low-grade metamorphism, which are generally larger than 2 µm. The samples were analysed with a Phillips PW 1710 X-ray diffractometer equipped with a graphite monochromator and automatic divergence slit, using CuK radiation. The resulting diffraction diagrams provided the following data:
Identification of the different minerals based on their characteristic reflections. All the minerals identified have been roughly classified by order of abundance, according to the relative intensity of their reflections. Poor-quality reflections (multiple peaks, poorly defined peaks, etc.) are considered to be due to minerals altered or present in small percentages.
Illite crystallinity index. Illite crystallinity indices were measured (IC, width at half peak height; Kübler 1968) in high-resolution scanned diffraction diagrams specifically obtained for the 10 Å reflection of white mica. In those samples containing sodium micas (paragonite or muscovite/paragonite mixed layers), and after a detailed examination of the shape of the 10 Å potassium mica peak, IC was only measured when the peak interference observed did not affect the white mica IC, i.e. sodium micas being scarce enough so that the widening of the 10 Å white-mica peak is located far below the half peak height.
The intensity of the reflections from which the crystallinity is measured must also be taken into account. Thus, an IC measured from weak peaks (<400 counts) has only been taken to be valid when the value obtained is coherent with the results of the group of samples to which it belongs.
The (Merriman & Peacor 1999) .
IC values were measured in both whole-rock and <2 µm sample fractions in order to evaluate the detrital mica content in the samples studied. By comparing the IC values obtained from both fractions, the existence of high-crystalline nonre-equilibrated detrital micas during very low-grade metamorphism is evidenced when the IC value for the whole-rock fraction is less than for the <2 µm fraction. In such cases, the latter IC value is considered to be a more realistic indication of metamorphic conditions. Qualitative estimation of illite polytypes. An estimate of the proportion of 1Md (characteristic of lower temperature) and 2M 1 (characteristic of higher temperature) illite polytypes can be obtained from X-ray diffraction diagrams. Several methods have been proposed to determine illite polytype ratios, but their accuracy is strongly influenced by the difficult preparation of disoriented powder samples and by the calibration of the method (see Dalla Torre et al. 1994 for a review). In our case, we have limited ourselves to making a simple qualitative estimate of the existence of illite polytypes by comparing two illite peak heights: the 2.58 Å reflection (present in both polytypes) and the 2.80 Å reflection (which appears only in the 2M 1 polytype; Maxwell & Hower 1967) . When the former is much more intense than the latter then, apart from the 2M 1 , there may be a significant proportion of the 1Md polytype. Experiments have shown that the prograde reaction 1Md < 2M 1 seems to occur at 200-350 C (approximately anchizone) and P H 2 O ] 2 kbar (Frey 1987) . From a compilation of field studies, Frey (1987) concluded that this reaction is completed approximately at the anchizone/epizone boundary. By contrast, Merriman & Peacor (1999) conclude that there is not a predictable, accurate correlation with temperature and that polytypic sequences should only be used as indicators of (most likely strain-induced) reaction progress.
Basal spacing of white mica. Precise measurements of the basal spacing of white mica have been made, using an aggregate of the <2 µm fraction with <2 µm quartz added as an internal standard. The basal spacing of phyllosilicates is related to their compositional characteristics (Guidotti et al. 1992) . The basal spacing of white mica is, in theory, related to the paragonitic Na/K substitution, thereby approximately reflecting the temperature of formation. Nevertheless, the basal spacing may also be affected by other factors such as the phengite content (Guidotti 1984; Guidotti et al. 1992) et al. 1993) .
White mica b cell dimension. The b cell dimension of the white mica has been obtained using a polished slice of rock cut perpendicular to the foliation, in order to enhance the (060) reflection (Sassi & Scolari 1974; Guidotti & Sassi 1986; Frey 1987) . As an internal standard we have used the quartz reflection at 59.96 2 (after repeated calibration with quartz reflections at 20.56 2 and 26.66 2 ). The b cell dimension has been calculated by measuring the difference in spacing between these peaks ( (060) for white mica and the corresponding one of 59.96 2 for quartz). Although this measure corresponds to a convolution of (060) and other white-mica peaks, no significant error is introduced and the method remains valid (Rieder et al. 1992; Wang et al. 1996) . The b cell dimension of white mica depends quite exclusively on the phengite substitution of mica, which is related to the pressure conditions at the time of formation/recrystallization of the mica in the rock. Thus, a semiquantitative relationship has been established between the b cell dimension and the metamorphic pressure gradient: b values lower than 9.000 Å are typical of low-pressure and values higher than 9.040 Å of high-pressure facies metamorphism (Guidotti & Sassi 1986) . The lack of a limiting assemblage is the main problem of this approach (Massone & Schereyer 1987) but, as in many geological terrains, no other criteria exist for the estimation of pressure. In low-grade metamorphic rocks, approximate burial pressures are derived from the P-T-b diagram of Guidotti & Sassi (1986) . Padan et al. (1982) considered the possibilities of application of the b cell dimension to subgreenschist facies terrains, which is limited by the persistence of detrital micas. Despite the limitations, in the case of very low-grade metamorphic or late diagenetic rocks, many authors extend the b curves into the subgreenschist facies P-T space (e.g. Underwood et al. 1993; Offler et al. 1998) .
XRD results
According to the structure of the study area, the samples can be grouped as follows (Tables 1 & 2) . (a) In the allochthonous unit we have separated the samples from the Carboniferous rocks (only affected by upright folds and M2) from those collected in the pre-Carboniferous sequence (affected by the recumbent folding and M1). Obviously, the pre-Carboniferous rocks were afterwards affected by the upright folds and M2 but, as will be discussed below, we consider that the metamorphic data of the pre-Carboniferous rocks can be attributed to at least minimum P/T conditions during M1. Samples affected by M1 were grouped into those belonging to the normal limbs and those belonging to the overturned limb, in order to check whether the above-described differences in tectonic fabric development and finite strain could have influenced their metamorphic evolution. (b) In the parautochthonous unit we have distinguished the Carboniferous rocks from the underlying ones, in order to determine whether there is any metamorphic evidence for an unconformity at the base of the Carboniferous rocks.
M1 metamorphism
In the pre-Carboniferous rocks of the allochthonous unit, the IC difference between the whole-rock fraction and the <2 µm fraction is slight (c.0.05 2 ; Table 1 ). In the graph of Figure 5, samples in this group are projected on or close to the diagonal line representing IC (<2 µm fraction) = IC (wholerock fraction). This indicates that the detrital micas were considerably re-equilibrated towards the prevailing metamorphic conditions. (Table 1 , Fig. 2 ) show parageneses containing muscovite chlorite. The chlorite is sometimes scarce and partially altered (it has wide and poorly defined reflection peaks). The average IC value is 0.27 2 for the <2 µm fraction. The lower-temperature white-mica polytype (1Md) appears in addition to the 2M 1 one. These features are representative of high-anchizone to epizone metamorphic conditions. (Table 1, Fig. 2 ) are quite variable and show several metamorphic minerals: apart from muscovite chlorite, there is paragonite, chloritoid, pyrophyllite and muscovite/paragonite mixed layers. Only the high-temperature illite polytype (2M 1 ) has been recognized. Mean IC is 0.26 2 (approx. anchizone-epizone boundary) for the <2 µm fraction. The presence of pyrophyllite and chloritoid (although in different samples) may indicate entrance within the chloritoid stability field, defined by the continuous reaction pyrophyllite+chlorite < chloritoid+quartz+H 2 O (Frey 1987), even though there are also other reactions producing chloritoid. The kaolinite found (a typical mineral of sedimentary processes) cannot be paragenetic with the rest of the metamorphic minerals in the samples from this limb. Therefore, we consider this mineral to have formed during a process of retrogression (i.e. during M2) or as an alteration subsequent to the metamorphic peak.
Normal limbs. Samples in this group

Overturned limb. The parageneses identified in this group
Pressure conditions. The parageneses identified are not helpful for estimating the pressure conditions during the recumbent folding in the Hornachos sector. We have determined the b cell dimension of the white mica (Table 1) , obtaining values that show a relatively good correlation with its basal spacing (Fig.  6) . This relationship indicates that the basal spacing of white mica is mainly controlled by the phengitic substitution and that the influence of other factors (e.g. the paragonitic substitution) is secondary. As stated above, the detrital micas were re-equilibrated towards the prevailing metamorphic conditions (M1), thus indicating that the determination of the b cell dimension using whole-rock specimens is suitable for metamorphic purposes. Due to the small vertical distance between the three limbs of the recumbent folds (Fig. 2) , differences in pressure between them are not expected, and our data confirm this (Table 1 ). The mean value of the b cell dimension for all the samples affected by M1 is 9.005 Å (standard deviation 0.015), indicating an intermediate-pressure gradient, near the boundary with the low pressure gradient. Overall, considering that the metamorphic grade was about high-anchizone to epizone (for which a temperature of c.300-400 C can be assumed), pressures of at least c.2-3 kbar can be suggested (M1 arrow in Figure 7 ).
M2 metamorphism
The metamorphism associated with the Carboniferous upright folding has been studied in several sectors; namely, in the Carboniferous rocks of the allochthonous unit and in the Hornachos and Espiel sectors of the parautochthonous unit.
The IC difference between the whole-rock fraction and the <2 µm fraction is highly variable, going from negligible in the Carboniferous rocks of the allochthonous unit to high (c.0.20 2 ) in the pre-Carboniferous rocks of the parautochthonous unit in the Espiel sector (Table 1) . Furthermore, in the samples affected only by M2, the greater the IC value, the greater the difference in IC between the two fractions will be (Fig. 5) . This relationship suggests that a progressive decrease in the proportion of non-re-equilibrated detrital micas was produced as the metamorphism increased in intensity from the diagenesis to the anchizone.
Carboniferous rocks of the allochthonous unit. Samples from this group (Table 1, Fig. 2 ) have a paragenesis consisting of muscovite chlorite (sometimes altered), kaolinite being also occasionally present. The average IC for the <2 µm fraction is 0.31 2 and both illite polytypes appear (1Md and 2M 1 ). These features indicate a low-to high-anchizone metamorphic grade. Taking into account the data concerning only M2 in the parautochthonous unit (described in the following paragraphs), we consider that, as will be discussed below, this middle-anchizone metamorphic grade is overestimated due to the thermal effect of the volcanic rocks intercalated in the Carboniferous sedimentary sequence. Therefore, metamorphism in the Carboniferous rocks of the allochthonous unit cannot be concluded to be representative of M2.
Hornachos sector (parautochthonous unit).
The samples from this sector (Table 1, Fig. 2 ) have parageneses containing kaolinite+muscovite muscovite/paragonite mixed layers pyrophyllite. The average IC is 0.44 2 for the <2 µm fraction, and both illite polytypes are present. These data indicate a metamorphic grade of late diagenesis, near the anchizone boundary. More precisely, the co-existence of kaolinite and pyrophyllite indicates the lower boundary of the pyrophyllite stability field, defined by the reaction kaolinite + quartz < pyrophyllite + H 2 O, which occurs at a calculated temperature of 280-315 C (Frey 1987) .
Espiel sector (parautochthonous unit).
The samples from this sector (Table 1, Fig. 3 ) contain muscovite chlorite (often altered) kaolinite. There can also be found scarce muscovite/ paragonite mixed layers and pyrophyllite. Crystallinity is low (IC=0.50 2 for the <2 µm fraction) and both illite polytypes occur. These data indicate that this sector did not exceed late diagenetic conditions.
Upon closer examination of the data, some differences between the pre-Carboniferous and the Carboniferous samples have been detected. In the pre-Carboniferous samples, kaolinite predominates over chlorite, and illite crystallinity is very low (mean IC=0.59 2 ). In some samples, there are reflections corresponding to large basal spacings (>10 Å), likely to have been caused either by illite/smectite mixed layers or simply by alterations. These samples were treated with ethylene-glycol, and samples 73 and 75 showed expandable phases of illite/smectite (with an R3 or ISII layering pattern, i.e., three layers of illite and one of smectite). In the Carboniferous samples, chlorite is much more abundant than kaolinite, illite crystallinity is higher (IC=0.43 2 ), and there are no illite/smectite mixed layers. The above differences suggest that the pre-Carboniferous materials underwent typical diagenetic conditions, while the Carboniferous materials reached the late diagenesis-low anchizone boundary. The fact that the pre-Carboniferous samples do not show a higher metamorphic grade than the Carboniferous ones is in accordance with the lack of an unconformity between these two groups of rocks. Paradoxically, the metamorphism in the Carboniferous rocks seems to be slightly higher than in the deeper stratigraphic levels (see discussion below).
Pressure conditions. The white mica b cell dimension has been determined in the samples affected only by M2. The use of this method in such low temperature pelites is limited mainly by the persistence of variable amounts of detrital micas (Padan et al. 1982) , which can make the interpretations only orientative.
The b values are relatively low (Table 1) : the average value is 8.997 Å and the standard deviation is 0.011, suggesting that the metamorphic pressure gradient during the upright folding was low, near the intermediate pressure gradient boundary.
As in the case of M1, there is a good correlation between the white mica basal spacing and its b cell dimension (Fig. 6) , lower b values (indicating low phengitic substitution) corresponding to greater basal spacings. This correlation indicates that the basal spacing is mainly controlled by the degree of phengitization and that the influence of the paragonitic substitution or other factors is secondary. As a semiquantitative approximation, considering late diagenesis to low anchizone metamorphic grade during M2 (<300 C), minimum pressures of c.1-1.5 kbar can be suggested (M2 arrow in Fig. 7 ).
Discussion
Retrogression of M1 during M2
The pre-Carboniferous sequence of the allochthonous unit was metamorphosed during two phases of deformation: first (M1) in the Devonian during recumbent folding and associated ductile shearing, and second (M2) in the Mid-Carboniferous during upright folding. The first deformation was undoubtedly much more intense than the second one. The second deformation produced crenulation of the previous fabric and rare crystallization associated with the local development of a millimetric-spaced crenulation cleavage. M2 conditions were of late diagenesis and did not exceed the diagenesis-anchizone boundary, as shown by our results in the parautochthonous unit (only affected by the upright folds and M2). M1 parageneses and the IC might have been modified by M2 to some extent. However, we consider that the metamorphic grade during M2 was low enough to preserve the higher-grade parageneses previously formed during M1. At most, M1 parageneses could have been partially retrogressed (for example, the kaolinite found in the overturned limb of the recumbent folds can be explained as having formed during M2). Therefore, we consider that the results concerning metamorphism from the pre-Carboniferous samples of the allochthonous unit are representative of the M1 conditions or, if some retrogression took place during M2, they would then represent the minimum conditions of M1.
M1 differences between normal and overturned limbs (allochthonous unit)
Clear differences in cleavage development, mylonitization and finite strain exist between the normal and overturned limbs of the recumbent folds, which provides evidence for an intensification of the ductile shearing in the overturned limb. In terms of metamorphism, our XRD results also show some differences: mineral parageneses in the two normal limbs only include muscovite and chlorite, while in the overturned limb paragonite, muscovite-paragonite mixed layers, pyrophyllite and chloritoid are also found. These mineralogical differences are not considered to be controlled by the chemical composition of the original sediments, since the samples come from similar lithologies. In addition to these differences in parageneses, a qualitative estimate of illite polytypes shows that both are present in the normal limbs, but in the overturned limb only the high-temperature one can be found, thus suggesting that the latter reached a higher temperature than the normal limbs.
Concerning the IC values, our results do not show statistically distinguishable differences between the normal and overturned limbs (Fig. 5) . The mean IC value of the overturned limb (0.26 2 ) is very similar to that of the lower normal limb (0.27 2 ), with only one value being available from the upper normal limb (0.29 2 ). Since temperature is considered to be the main factor controlling the IC (Frey 1987), our results strongly suggest that the whole recumbent structure must have formed under the same temperatures (approximately anchizone-epizone boundary). Chloritoid is a typical epizonal index mineral, but its appearance in two samples from the overturned limb cannot be unambiguously regarded as an indicator of the epizone, since chloritoid can occur, although rarely, in the anchizone (Kisch 1983) . In this context, the parageneses and illite polytypes of the overturned limb cannot be properly explained in terms of higher temperature. An alternative interpretation is that strain and fluid pathways along highly sheared zones could enhance the growth of apparently higher-grade metamorphic minerals and illite polytypes. Thus, the metamorphic conditions in the whole structure could have remained constant while, in the overturned limb, deformation must have favoured the approach to equilibrium conditions. Metamorphic fluids and energy supplied through deformation in the highly sheared overturned limb allowed, through reaction progress, the growth of new metamorphic minerals other than muscovite and chlorite, and the complete 1Md < 2M 1 illite polytype transformation.
Thermal influence of igneous intercalations in the Carboniferous sedimentary sequence (allochthonous unit)
The IC values obtained from the Lower Carboniferous samples of the allochthonous unit indicate a higher metamorphic grade (low to high anchizone) than the grade in the other sectors where M2 has been studied (late diagenesis; Table 2 ). Moreover, the difference in IC value between the <2 µm fractions and the whole-rock fractions suggests that, in the case of the Carboniferous rocks of the allochthonous unit, the detrital micas were re-equilibrated during metamorphism, whereas in the other sectors, non-re-equilibrated detrital micas are always present (Fig. 5) . These particular features of the Carboniferous rocks of the allochthonous unit can be explained by the existence of diverse subvolcanic and volcanic rocks intercalated in the sedimentary sequence. In the Carboniferous outcrop south of Hornachos (Fig. 2) , there are c.300 m of igneous rocks (two rhyolitic episodes separated by a basic one containing basalts and gabbros), and in the outcrop south of Campillo (Fig. 2) there are several decimetric-to metric intercalations of basalts. Despite the fact that the distance between igneous rocks and the sites for sample collection is at least several tens of metres, the heat supplied by these igneous intercalations could have produced low-temperature contact metamorphism (cryptic aureole; Merriman & Frey 1999) in the surrounding sediments, thus enhancing the crystallinity of their phyllosilicates and re-equilibrating the detrital micas towards the thermal conditions during this Lower Carboniferous igneous activity. Mid-Carboniferous M2 (late diagenesis) was not intense enough to re-equilibrate the phyllosilicates towards such very low metamorphic conditions. One exception is the Carboniferous outcrop east of Campillo (Fig. 2) , where igneous rocks have not been found. Although only one sample from this outcrop has been studied (sample 118), its low IC value (0.53 2 ) and the presence of non-re-equilibrated detrital micas (Fig. 5 ) are in accordance with the late diagenetic conditions during M2.
Distribution of M2 in the Espiel sector (parautochthonous unit); its relationship with fold geometry
The results in the Espiel sector suggest an apparently higher metamorphic grade in the Carboniferous rocks (diagenesisanchizone boundary with predominance of chlorite over kaolinite) than in the underlying pre-Carboniferous ones (late diagenesis with predominance of kaolinite over chlorite, and presence of illite/smectite mixed layers) ( Table 1) . Several arguments concerning these paradoxical differences need to be discussed.
(1) In the Carboniferous slates there are several intercalations of basalts (some being as thick as a few hundreds of metres), which might also have been responsible for the higher crystallinity observed. Samples were collected at least at c.100 m from these igneous intercalations. Apart from this distance, a thermal influence can be rejected in view of Figure  3 : IC values of the samples collected from the southern Carboniferous outcrops (which include igneous rocks) are statistically higher (mean 0.47 2 ; lower crystallinity) than those from the northeastern outcrops (without igneous rocks; mean 0.40 2 ; higher crystallinity).
(2) Another hypothesis to consider is the existence of inverted metamorphism. However, during the upright folding and related M2 it is very difficult to imagine an inverted geothermal gradient in the uppermost crust. The unique thermal source directed downwards during the Carboniferous might be the NE-directed thrusting of the allochthonous unit onto the parautochthonous unit. This thrusting occurred in the Mid-Carboniferous after the Visean sedimentation and prior to the upright folding phase (Late Westphalian; Martínez Poyatos et al. 1998a ). This hypotesis can in turn be rejected since no crystallization is observed along the brittle fault zone. Futhermore, IC values from the southern Carboniferous outcrops in Figure 3 (which are located closer to the thrust sheet) are higher than those from the northern ones, thus precluding this interpretation.
(3) A more detailed examination of the distribution across the antiformal structure (i.e. in the SW-NE direction) highlights new interesting features (Fig. 8) . Although the data are somewhat scattered, there is a clear tendency of decreasing IC values from the hinge zone towards both the southern and the northern limbs. Samples close to the fold hinge have IC values of c. 0.50-0.65 2 , while those of the limbs are lower (c. 0.40-0.50 2 for the southern limb and c. 0.30-0.50 2 for the northern limb). The most noteworthy exceptions are samples 73 (which, as expected from its position near the hinge, has a high IC value of 1.05 2 ) and 75 (also located near the hinge but with an IC value of 0.44 2 ) (Fig. 8) . Furthermore, the mineral parageneses also show a distribution across the fold (Fig. 8) . Most of the samples from the limbs contain chlorite but not kaolinite. By contrast, most of the samples located close to the hinge contain kaolinite (and the illite/smectite mixed layers found in samples 73 and 75) but no chlorite. These differences suggest that the metamorphic grade during the folding might have been slightly higher in the limbs than in the hinge. However, although temperature is considered to be the main factor controlling the illite crystallinity and mineral reactions, other factors such as strain can also influence it (Frey 1987) . The relationship between deformation and illite crystallinity has been approached by several authors in outcrop-scale folds (e.g. Flehmig & Langheinrich 1974; Nyk 1985; Fernández Caliani & Galán 1992) , but erroneously assuming that strain is greater in the hinge than in the limbs. Flexural flow is the most important folding mechanism in phyllosilicate-rich beds and it produces a concentration of the finite strain in the limbs rather than in the hinge (Twiss & Moores 1992; Fischer & Jackson 1999) , which is also in accordance with the field evidence that cleavage is more penetrative in the limbs than in the hinges. In the case at issue here, strain determinations across the fold studied are not available, but the distribution of the cleavage intensity (less penetrative in the hinge of the antiform) is compatible with a folding mechanism producing greater finite strain in the limbs than in the hinge. Therefore, the distribution of the IC values and mineral parageneses shown in Figure 8 can be interpreted as the effect of the strain on the metamorphic reactions across the fold. Strain-related processes intensified in the limbs could have favoured, through kinematically driven reaction progress, the rocks to attain or come closer to equilibrium conditions (Merriman et al. 1995; Merriman & Frey 1999) .
Finally, we should note the asymmetry of the IC values across the fold (Fig. 8): while those from the southern limb are always higher than 0.40 2 , several samples from the northern limb have IC values as low as 0.32 2 . These low IC values of samples from the northern limb may be due to its proximity to the Pedroches Batholith. The Pedroches Batholith is a huge Upper Carboniferous intrusion NE of the Espiel sector (Fig. 1) having a cartographic contact aureole 500-2000 m wide, with parageneses containing biotite, andalusite and cordierite. In addition, a cryptic contact aureole can be established, wider than the other one, in which only recrystallization of the pre-existing micas occurs, with no appreciable neoformation of minerals (Merriman & Frey 1999) . The northern limb of the fold studied is located c.10 km from the southern boundary of the batholith (see horizontal scale in Fig.  8 ), a distance that allows the low IC values to be explained as due to the long-distance thermal influence of the intrusion.
Conclusions
In accordance with the sequence of events that took place in the study region during the Variscan Orogeny, the relationships between deformation and very low-grade metamorphism are summarized in the following conclusions (Table 2, Fig. 9 ).
(1) The recumbent folds (pre-Carboniferous in age) in the Hornachos sector of the allochthonous unit formed in high anchizone to epizone (c.300-400 C) metamorphic conditions (M1), with complete re-equilibration of the detrital micas. Pressure has been estimated at a minimum of 2-3 kbar, which could correspond to the minimum original pile of recumbent folds (partially eroded in the lowermost Carboniferous).
(2) During the recumbent folding, coeval ductile shearing was especially prominent in the overturned limb, generating a well-developed mylonitic planar-linear fabric and more intense strain. In terms of metamorphism, IC data from the overturned and normal limbs do not show significant differences, indicating a uniform metamorphic temperature for all the (preserved) recumbent folds. However, relevant differences in terms of mineral parageneses and illite polytypes have been found between the normal and overturned limbs: while the normal limbs only contain muscovite chlorite and both illite polytypes 1Md and 2M 1 , the overturned limb also contains paragonite, muscovite/paragonite mixed layers, pyrophyllite, chloritoid and only the 2M 1 illite polytype. We interpret these differences in relation to the intense shearing and mylonitization concentrated in the overturned limb. Metamorphic fluids and/or energy supplied through strain could have enhanced, via reaction progress, the growth of new metamorphic minerals and the complete transformation of the illite polytypes.
(3) After a thick synorogenic sedimentation and volcanism (Early Carboniferous) and brittle thrusting (MidCarboniferous) of the allochthonous unit onto the parautochthonous unit, upright folds were produced in the whole region in diagenesis to anchizone (<300 C) metamorphic conditions (M2). Pressure has been estimated at a minimum of 1-1.5 kbar, which could correspond to the minimum lithostatic load due to the thick Carboniferous sedimentary sequence.
(4) In the allochthonous unit, there is an unconformity between the Carboniferous rocks (affected only by upright folds and M2) and the underlying sequence (also affected by previous recumbent folds with ductile shearing and M1). This unconformity is also reflected by the metamorphic gap between the pre-Carboniferous rocks and the Carboniferous ones, the latter having only low to high anchizone-grade metamorphism. This metamorphic gap is minimized by the thermal effect due to the existence of volcanic rocks interlayered in the Carboniferous sequence. In the parautochthonous unit, there is no structural evidence for an unconformity at the base of the Carboniferous rocks. Additional support for the lack of this unconformity is provided by the fact that the pre-Carboniferous sequence does not display a higher-grade metamorphism than the Carboniferous one.
(5) Metamorphic grade and estimated pressure were higher for M1 than for M2, which indicates that deformation during M1 was produced at a deeper structural level than during M2. The exhumation of the rocks affected by M1 towards a shallower structural level must have been produced by erosion of part of a pile of recumbent folds and by thrusting of the allochthonous unit onto the parautochthonous one.
(6) In the Espiel sector of the parautochthonous unit, a metamorphic gradient across a kilometre-scale antiform has been detected. In the hinge zone, IC values are typical of the late diagenesis and kaolinite is present, while in the limbs IC values correspond to the diagenesis-anchizone boundary and the chlorite zone is reached. These differences can be interpreted in terms of metamorphic disequilibrium rather than different temperatures. Therefore, a greater cleavage development and strain in the limbs could have kinematically favoured the metamorphic reaction progress, thus allowing the rocks of the limbs to attain, or come closer to, equilibrium conditions. Martin Frey, José Barrenechea and two anonymous reviewers are thanked for their helpful comments on an earlier version of the manuscript, and Ray Burgess for his editorial assistance. We gratefully thank Christine Laurin and F. Gonzálvez García for their help with the English version. Financial support was provided by the CICYT (Spain) Projects PB93/1149/Co3/01, PB96/1452/Co3/01 and BTE2000/ 1490/Co2/01.
